Enhancement of the production of cold molecules via photoassociation is considered for the Cs 2 system. The employment of chirped picosecond pulses is proposed and studied theoretically. The analysis is based on the ability to achieve impulsive excitation which is given by the ultracold initial conditions where the nuclei are effectively stationary during the interaction with a field. The appropriate theoretical framework is the coordinate-dependent two-level system. Matching the pulse parameters to the potentials and initial conditions results in full Rabi cycling between the electronic potentials. By chirping the laser pulse, adiabatic transfer leading to the population inversion from the ground to the excited state is possible in a broad and tunable range of internuclear distance. Numerical simulations based on solving the time-dependent Schrödinger equation ͑TDSE͒ were performed. The simulation of the photoassociation of Cs 2 from the ground 3 ⌺ u ϩ to the excited 0 g Ϫ state under ultracold conditions verifies the qualitative picture. The ability to control the population transfer is employed to optimize molecular formation. Transfer of population to the excited 0 g Ϫ surface leaves a void in the nuclear density of the ground 3 ⌺ u ϩ surface. This void is either filled by thermal motion or by quantum ''pressure'' and it is the rate-determining step in the photoassociation. The spontaneous-emission process leading to cold-molecules is simulated by including an optical potential in the TDSE. Consequently, the rate of cold molecule formation in a pulsed mode is found to be larger than that obtained in a continuous-wave mode.
I. INTRODUCTION
The physics of dilute gases has seen major progress in two fields: laser cooling of atomic samples and coherent control. In both cases, a strong motivation is to use laser light in order to achieve control of the system leading it to a desired final state.
Among the many applications of cold atoms, the photoassociation reaction, where two atoms absorb a photon to create an excited molecule, is a very important one. It has been proposed by Thorsheim et al. ͓1͔ and observed for all homonuclear alkali-metal dimers. Photoassociation was first achieved in a sodium cold atomic sample ͓2-4͔, then in rubidium ͓5,6͔, in lithium ͓7͔, in potassium ͓8͔, and finally in cesium ͓9,10͔. Besides, the photoassociation reaction has been studied in a sample of metastable helium atoms ͓11͔ and of hydrogen ͓12͔. Effort has also been devoted to photoassociating two different alkali-metal atoms ͓13,14͔. Most experiments were performed with continuous lasers, harvesting a variety of accurate molecular spectroscopy data.
Furthermore, recent observation of ground-state ultracold molecules obtained by spontaneous radiative decay of photoassociated molecules ͓9,15,16͔ is opening a new research field. Theoretical investigation of the photoassociation process has been performed mainly in the framework of a timeindependent approach ͓17-20͔ using a perturbative treatment. In the framework of the Franck-Condon picture, the photoassociation rate is computed as a vertical transition between the continuum state of two colliding distant atoms and the long-range vibrational state of an excited molecule, with a wave function approximated by an Airy function at the outer turning point. This picture is confirmed by experimental observation, where modulations in the photoassociation rate as a function of laser detuning faithfully reflect the nodal structure of the ground-state wave function ͓21͔. Besides these modulations, a simple analytical formula ͓19͔ predicts for J-wave scattering a temperature dependence in T JϪ1 , an intensity dependence in I, with a ⌬ Ϫ(4Jϩ7)/6 variation as a function of the detuning ⌬. At low laser intensities, such a simple model is in good qualitative agreement with the experimental observations ͓22͔. Similar estimations were obtained in the quasicontinuum modeling of Ref. ͓23͔ . We should note that the dependence upon the detuning can be physically interpreted as absorption of a photon by a pair of atoms standing still at a distance R such that the asymptotic potential ϪC 3 /R 3 is equal to the detuning. The investigation of the ultracold molecules strongly depends on the yield of the photoassociation process. The purpose of this study is to explore the possibility of employing a coherent manipulation technique to optimize the photoassociation yield. To gain insight into the control scheme one has to bridge the conceptual gap between time dependent light induced manipulations and the well established continuouswave ͑CW͒ photoassociation spectroscopy.
The crucial step in the process is to optically pump population from the unbound ground electronic surface to a bound excited one. Taking advantage of the special conditions of ultracold collisions, it is relatively easy to reach the situation where the nuclei are stationary for the period of the pulse excitation. For molecules at normal temperatures, these con-ditions translate to impulsive excitation in the ultrafast time domain. This has been demonstrated in the ultrafast photoassociation of mercury ͓24-26͔.
Manipulating the temporary shape of the pulse is a common endeavor in the ultrafast regime. For example, the yield of a photodissociation reaction has been manipulated experimentally by shaping the phase of the laser pulse ͓27͔. The most simple coherent manipulation which controls the transfer of population from one electronic state to another is to linearly chirp the excitation pulse ͓28͔. This fact has initiated a vast amount of activity in the employment of such pulses for coherent control ͓29-32͔. The obvious advantage of a manipulation technique of this type is its experimental feasibility.
The present study follows a suggestion by Cao, Bardeen, and Wilson ͓33͔,  showing that the photoexcitation yield can be made complete by creating adiabatic following conditions, simply by chirping the excitation pulse. In the case prevailing in ultracold photoassociation processes, the conditions for adiabatic following are even more favorable. The collisions are so slow that even for pulses in the picosecond time scale, the nuclei are practically frozen. As a result, one can decompose the process into a stationary ensemble of coordinate-dependent two-level systems. In this picture, the adiabatic following ideas presented by Eberly ͓34,35͔ can be employed leading to a complete and robust population transfer.
The content of the paper starts in Sec. II with a general description of the process of interest and tools for treating it. This is followed in Sec. III by a discussion of various models describing the light-cold-molecule interaction with special emphasis on a chirped pulsed field. In Sec. IV, we discuss cesium photoassociation using a chirped pulsed field. The cold-molecule formation process including a discussion of spontaneous emission is treated in Sec. V.
II. SYSTEM OF INTEREST
The process studied is the formation of a translationally cold cesium dimer in the lowest triplet state from a cloud of cesium atoms cooled to a temperature of 200 K. As schematically illustrated in Fig. 1 , the process consists of two steps. The first one, which we particularly focus on, is photoassociation of two cesium atoms moving on the 3 ⌺ u ϩ (6s ϩ6s) potential to the cesium dimer in the excited 0 g Ϫ (6s ϩ6 p 3/2 ) molecular state. The time scale of the long-range vibrational motion of these molecules is typically in units of nanoseconds. The second step is the spontaneous-emission decay of the excited population to the bound levels of the electronic ground-state potential forming the stable translationally cold cesium molecule. The double-well topology of the 0 g Ϫ potential favors this process. The potential barrier has a slow R Ϫ3 variation, locally enhancing the probability density of the vibrational wave functions and, hence, their Franck-Condon overlap with the vibrational eigenfunctions of the ground electronic potential. Recently, the enhancement of the spontaneous decay to triplet molecular states by single-channel and multichannel tunneling was considered ͓36͔.
Construction of the 0 g Ϫ potential curve is described by Fioretti et al. ͓10͔ in detail. Briefly, ab initio short-range ͓37͔ and long-range ͓38͔ curves in Hund's case ͑a͒ representation are first matched around 26 a.u., after which the atomic spinorbit interaction is diagonalized to obtain the 0 g Ϫ state. The long-range part of the potential curves behaves according to the following formulas ͑in atomic units͒:
where C 6 ϭ6.331ϫ10 Ϫ3 , C 8 ϭ9.63ϫ10 Ϫ5 , C 10 ϭ15.2 ϫ10 Ϫ7 , and
where D 3 ϭ10.47 and ⌬E fs is the fine-structure splitting ͓10͔.
A. Initial state
The photoassociation process is conducted in a gas of cold atoms, initially at thermal equilibrium. The temperatures and densities are such that a Maxwell-Boltzmann distribution can be employed. The mean interatomic distance is approximately two orders of magnitude larger than the thermal wavelength of the particles. Characteristics of the distribution of a gas of alkali-metal atoms are summarized in Table I .
The state of a colliding pair is represented by a thermal density operator. Since only the relative motion of a pair of atoms is involved, the center-of-mass motion can be eliminated. Using relative coordinates, the state of the ensemble becomes ϭexp(Ϫ␤Ĥ )/Z, where Ĥ is the internal Hamiltonian of the colliding pair and Z is the partition function. For low gas density, the small intermolecular interaction region can be ignored leading to Ϸexp(Ϫ␤T )/Z, where T is followed by the spontaneous decay to the vibrational levels of the lowest triplet state.
the kinetic-energy operator and ␤ϭ1/k B T. The next step is to represent the kinetic energy operator in radial and angular coordinates. For a sufficiently cold ensemble of molecules, only s waves are usually considered, reducing further the description of the radial coordinate. However, as long as the photoassociation process takes place at longer internuclear distance, also higher angular momentum states should be considered ͓39͔. The contribution of these states is discussed later. For s waves, the density operator, diagonal in the radial momentum representation, can be decomposed to a set of Gaussian wave-packet projections whose width is determined by the momentum spread in the Maxwell-Boltzmann distribution and which are uniformly distributed along the internuclear distance:
where C is a normalization constant and ⌿(␤,r) is a thermal wave packet defined as
The width is determined by the temperature Ϸͱ␤/4. In the following section, the photoassociation dynamics of a single initial wave packet, described by Eq. ͑2.4͒, will be studied. For extremely low temperatures, the assumption that the thermal density is dominated by the kinetic energy is not valid. The low-energy eigenfunctions in the continuum have a common stationary phase point at the outer region of the potential, which results in a strong modulation of the initial density. This qualitative picture was studied for cesium in the lowest triplet state and a temperature of 200 K by calculating the atomic distribution along the internuclear distance. This was carried out by a Boltzmann-weighting of the density composed from individual continuum wave functions in a large range of energy and angular momentum. The continuum wave functions were calculated by the mapped Fourier grid method of Kokoouline et al. ͓40,41͔. The calculations of the initial density operator were able to reproduce the modulations of the photoassociation spectra obtained by Fioretti et al. ͓10͔. It was found that the last node of the atomic distribution is positioned below the internuclear distance of 50 Å. The distribution is approximately uniform above this value. Since the typical range of internuclear coordinate considered in the present study is larger than 100 Å, the decomposition of the density operator into projectors composed of thermal Maxwell-Boltzmann Gaussian wave packets is justified. The initial state has to be modified for lower temperatures and large detuning, for which photoassociation is achieved at smaller internuclear distances.
B. The Hamiltonian operator
The Hamiltonian of the system generates the dynamics of a pair of atoms moving on two electronic surfaces coupled by an electromagnetic field:
͑2.5͒
where Ĥ g/e ϭP 2 /2ϩV g/e are the surface Hamiltonians, P g/e are the projections on the ground or excited electronic surface, Ŝ x is the transition operator in a two-level-system description of the electronic state, ϭm/2 is the reduced mass of a diatomic molecule, and V g (R) and V e (R) are the electronic potential-energy surfaces of the ground and excited state. W(t) is the coupling between electronic states mediated by the electromagnetic field, which is described semiclassically in the dipole approximation by the following expression:
where D ᠬ is the electronic transition dipole operator and E ជ (t) is the linearly polarized electromagnetic field with a slowly varying envelope function E(t) and the carrier frequency .
Employing the rotating-wave approximation, an effective Hamiltonian operator is defined as
where D ϭD (R) is a scalar function of R. The dynamics of the photoassociation process is then described by solving the two-surface time-dependent Schrödinger equation generated by the effective Hamiltonian:
͑2.8͒
The vector ͉ ͘ is related to the original state by the transfor- where Ŝ z is the rotation generator given by the Pauli matrix z multiplied by 1 2 . The time dependency of the field frequency in the case of chirped pulse excitation is of the same character as the time dependency of the field envelope. Both are slowly varying functions of time compared to the time scale given by the field frequency itself and therefore allow application of the rotating-wave-approximation framework.
C. Numerical methods
To gain insight into the process, a numerical scheme to solve the time-dependent Schödinger equation is employed. The numerical results are converged to the accuracy of the computer that allows the evaluation of the approximations involved. It should be noted that there is no approximation used for the solution of the TDSE itself, which is ͑numeri-cally͒ exact. The approximations used are related to the model, for instance the Born-Oppenheimer electronic potentials, the semiclassical electromagnetic field, and the dipole approximation. The method is based on the Fourier grid representation of the wave function ͓42͔. An initial wave function is propagated in time using a Chebyshev polynomial expansion of the evolution operator ͓43͔. The propagation was realized in discrete steps with a time increment shorter by two orders of magnitude than the pulse duration. The typical computation parameters, summarized in Table II , were chosen according to several criteria. The correct representation of the wave packet in a coordinate as well as a momentum representation dictated the grid parameters. The pulse characteristics correspond with both the experimental feasibility and the physical aspects of the photoassociation process.
III. LIGHT INDUCED POPULATION TRANSFER
There are two asymptotic limits to photoassociation, depending on the time scales of the dynamical processes involved. Those are determined by either the wave-packet motion or the excitation pulse duration. To gain insight into the process of excitation by a chirped pulsed field, the asymptotic cases are analyzed.
A. Continuous-wave case
The first limiting situation considered is continuous-wave ͑CW͒ light-induced population transfer between two molecular electronic states. For the CW excitation, the time scale is determined by the wave-packet motion. In the dressed potential picture, the excited surface crosses the ground-state potential at the point of resonance: V e (R c )Ϫប 0 ϭV g (R c ), as can be seen in Fig. 2 . The process is then described by a Landau-Zener type of transition ͓44-47͔. The coupling between the surfaces W is radiative and constant in time. For weak excitation fields, the interaction region is very small. The time scale of the process is then determined by the time for which a wave packet with an average velocity v ϭ͗P ͘/ passes through the crossing point, Fig. 2 .
To make the connection to the pulsed case clearer, one can think of the wave packet as stationary and the crossing potentials as moving toward the wave packet. Such a situation is equivalent to the excitation by a suitably chirped pulse. The difference between the potentials, which is equivalent to the rate the detuning is changing with time, is
where ⌬(t) is the detuning ͓see Eq. ͑3.3͔͒, Ј is the linear chirp rate in frequency representation ͑see Appendix A͒, and F i is the force or slope of surface i, i.e., F i ϭϪ‫ץ‬V i /‫ץ‬R. The wave packets in Fig. 2 represent a time-dependent numerical solution of the Schrödinger equation. For the CW case, the radiative coupling Ŵ is constant, leading to the probability of transition ͓44-46͔:
where ␣ϭ͉W͉/ ͱ ͉F e ϪF g ͉v . When the adiabatic parameter 1/␣ is small, the population transfer becomes complete. For instance, for the detuning corresponding to R c ϭ100 Å, thermal velocity at a temperature of 200 K, and the CW field 2 . A Landau-Zener picture of photoassociation on dressed potentials ͑top͒ where a wave packet moves through the crossing point located at the internuclear distance R c . The dressed-state picture of the evolution of a wave packet on two potential surfaces coupled by chirped field ͑bottom͒, i.e., a frequency sweeps through the range given by the pulse bandwidth. The crossing point R c is now determined by the instantaneous detuning.
intensity of 60 W/cm 2 , the value of ␣ is 4.2. Hence, the Landau-Zener picture provides a consistent conceptual framework.
B. Transform-limited pulsed field
A pulsed excitation of a slowly moving wave packet constitutes the case when the time scale of a population transfer is determined by the pulse duration. Insight into the photoassociation process and its manipulation can be gained by understanding the relation between the coupled nuclear and electronic dynamics and the dynamics of a two-level system ͑TLS͒. Using the fact that in cold collisions the nuclear motion is approximately stationary on the time scale of pulsed field excitation, a coordinate-dependent TLS is identified ͓48͔. The optical pumping is spread over the range of coordinates which support the nuclear wave packet, as can be observed in Fig. 3 .
At this point one has to identify the parameters of the coordinate-dependent TLS. As can be seen in Fig. 3 , the detuning depends on the internuclear coordinate R,
where L is the central frequency of the laser. Using the reflection principle ͑Fig. 3͒, the intensity at a particular coordinate location corresponds to the pulse intensity at a particular instantaneous frequency as this one correlates with the coordinate-dependent detuning. The local coupling constant W is given by the instantaneous field of the pulse E"(R),t… mapped onto the internuclear distance using the reflection principle, and by the local transition dipole moment (R):
͑3.4͒
The Rabi frequency becomes a function of position:
For sufficiently intense pulses, E 2 ӷ⌬ 2 , the Rabi frequency becomes coordinate-independent. For these conditions, the wave packet will rotate intact to the upper electronic surface by an angle ⌰ϭ͐ Ϫϱ t ⍀(tЈ)dtЈ:
To emphasize this point, a pulse in the frequency domain was created using the inversion principle. This pulse was then transformed into the time domain and used in the photoassociation simulation with different peak intensities. The total population transfer is shown in Fig. 4 exhibiting almost perfect Rabi oscillations. The population inversion, i.e., the complete population transfer, is achieved when is equal to or its odd integral multiple as directed by the Rabi formula ͓49͔. We call this the pulse condition.
This model demonstrates that a wave function distributed in coordinate space effectively behaves as a single driven two-level system. For this system, the pulse condition for complete population inversion exists.
C. Chirped pulsed field
The drawback of the pulse method is that it is sensitive to the laser intensity and pulse duration. For a particular pair of atoms, the radiation coupling is weighted by cos 2 , where is the angle between the electric-field direction and the internuclear axis. For an ensemble of nonoriented molecules, the pulse condition cannot be obtained for all particles. Moreover, in the case of coupling of two potential curves of different topology, the definition of the pulse is complicated, as addressed in the preceding section. These problems have been overcome in the TLS using adiabatic following techniques ͓34,35͔. Experimentally, the easiest way to achieve adiabatic following is to sweep the frequency through the transition, i.e., create a chirped pulse. The adiabatic passage in a two-level system is symmetric to the chirp direction. In the present case, this symmetry is broken due to nuclear motion. One can distinguish the cases of population inversion ͓33͔ or a pump-dump process ͓28,33͔. Both phenomena, mutually opposite, reduce to adiabatic following in the limit of infinitely slow wave-packet dynamics on the excitation time scale. The photoassociation process belongs to this category.
The nature and properties of the chirped pulse are presented in detail in Appendix A.
D. Adiabatic following
When the precession motion of a TLS is fast relative to the change of the axis of precession, the polarization axis follows the precession. Since the stationary photoassociating pair can be manipulated as a two-level system, the adiabatic following ideas can be employed in a straightforward way ͓29,34,35͔.
This leads again to the Landau-Zener model described by Eq. ͑3.2͒ for each internuclear distance R with a modified adiabatic parameter:
where Ј is the linear chirp rate in frequency representation ͑see Appendix A͒. As before, when 1/␣ is small the adiabatic transfer is complete. Moreover, these conditions can be fulfilled for a large range of internuclear distances.
Figures 6 and 7 demonstrate complete population transfer for the Cs 2 photoassociation when a chirped pulse is employed. Once the pulse condition is satisfied, the population inversion is achieved and the transfer is complete and robust provided the chirp rate is sufficiently large to fulfill adiabaticity. The efficiency is invariant with local changes of the transition dipole moment.
For the cold Cs 2 system, the direction of the chirp has no effect on the results. The efficiency of the population inversion is practically invariant to the chirp sign. For lighter systems which exhibit dynamics in a time scale comparable to the pulse duration, the symmetry between positive and negative chirp is broken. For a positive chirp, the population promoted onto the electronically excited potential moves in the opposite direction of the energy sweep. This new portion of the wave packet does not interfere with the previous portions leading to smooth and complete population transfer. For a negatively chirped pulse, the interference leads to a reduction in the process efficiency ͓33͔.
IV. PHOTOASSOCIATION OF CESIUM
The insight gained in Sec. III is applied to the specifics of the photoassociation reaction in the Cs 2 . In particular, one would like to know if under realistic experimental constraints the process can be optimized.
A. Pulsed enhancement of photoassociation
A chirped pulsed excitation can lead to a complete population inversion. The task is therefore to identify the experimentally accessible control parameters of the pulse: the pulse central frequency L , the pulse spectral width ⌫ϭ1/, and the chirp rate . Figure 5 shows the relation between the detuning of the central frequency of the laser and the position of the local TLS for the Cs 2 .
Specifically for the 3 ⌺ u ϩ to the 0 g Ϫ transition of the Cs 2 , the detuning ⌬ becomes FIG. 6 . The total population transfer as a function of the maximal intensity of the chirped pulse. Once the population inversion is achieved, further increase of the intensity does not lead to the Rabi cycling. The simulation was carried out using a pulse of the transform-limited duration 5 ps stretched to 75 ps by chirping (Ј ϭ374 ps 2 ). The central frequency of the Gaussian pulse L ϭ11 732.16 cm Ϫ1 (ϭ852.357 nm) results in the strongest coupling between the electronic potentials at the distance of 260 Å. The pulse bandwidth ⌫ϭ2.65 cm Ϫ1 couples the ground and excited potential in a large range of internuclear distance which covers the entire area where the wave-packet population is nonvanishing. ͑The validity of the curve between the indicated points was tested.͒ FIG. 5. The detuning as a function of the interatomic distance shown together with the pulse spectrum and its mapping onto the coordinate. Left: pulses with a width of 10 psec and different carrier frequencies. Right: pulses with widths corresponding to 5, 7, and 10 psec.
As can be seen, there is a wide choice of pulse parameters which will achieve complete population transfer in a limited coordinate range. For example, a pulsed field of central frequency L ϭ11 732.16 cm
Ϫ1
with bandwidth ⌫ ϭ2.65 cm Ϫ1 corresponding to a transform-limited pulse of 5 ps linearly chirped by a factor of 15 (Јϭ374 ps 2 ) is applied to the photoassociation of two ultracold cesium atoms. As shown in Fig. 6 , complete population transfer is obtained along several orders of magnitude of the maximal field intensity.
The dynamics of the population transfer is illustrated by snapshots in Fig. 7 . The motion of the wave packet on both potentials is negligible on the time scale of the excitation process. Therefore, the use of the negative chirp instead of the positive one has a negligible influence on the process efficiency (Ϸ0.1%).
The efficiency of the population inversion by a chirped field is limited by the adiabatic condition. Small chirp results in small redistribution of the spectral components of the pulse and its small prolongation. Consequently, its interaction with the system is too fast to keep the adiabaticity of the process. The increase of the field intensity above the inversion limit lowers the population transfer efficiency, as shown in Fig. 8 .
B. The number of particles addressed by a laser pulse
The simulation demonstrates that complete population transfer by a chirped pulse is obtained for amplitude located between R min and R max provided the adiabatic condition is fulfilled, see Fig. 5 . The coupling range is determined by the central frequency of the pulse, its bandwidth ⌫, and the energy difference between both coupled potentials. This defines an active spherical shell for each atom in a threedimensional cloud. Its extent can be tuned by changing the pulse parameters, see Fig. 9 .
The shell volume
multiplied by the particle density gives an estimate of the number of pairs transferred onto the excited electronic state,
where V is the trap volume addressed by a photoassociation laser beam, n is the particle density, and p is the population transfer efficiency factor. In the case of cesium photoassociation, the shell volume is conveniently expressed using the carrier frequency and bandwidth of the pulsed field. Since the topology of the difference potential is ϪD 3 /R 3 , up to the negligible factor O(1/R 6 ), the volume becomes
͑4.4͒
where ⌬ 0 is the difference between the carrier frequency of the field and the difference potential at the infinite separa- tion, i.e., the absolute value of the detuning of the carrier frequency. For small detuning values and broadband pulses, the coordinate range of the pulse becomes infinite. As will be seen later, photoassociation at large interatomic distances does not lead to molecular production because the excited pair will decay much before any interaction takes place.
Repetition rate consideration
The repetition rate of the laser is limited by the time needed for the reconstruction of the particle distribution perturbed by a laser pulse. There are two mechanisms for filling in the dynamical hole created in the ground-state density by the excitation. The first is due to the thermal motion and the second is due to quantum uncertainty spreading. To optimize molecular formation, the rate of these mechanisms has to be faster than the rate of spontaneous emission.
The thermal velocity filling rate is determined by the mean relative velocity v of particles and by the range of interatomic distance ⌬Rϭ 1 2 (R max ϪR min ) for which the distribution was perturbed:
The spontaneous-emission process presents a natural upper bound for the extension of the size of the overall coupling window. The longer the interatomic distance at which cesium atoms are excited, the higher the probability of the decay off the molecular bound levels. Hence, the repetition rate is set equal to the spontaneous-emission rate of 30 ns. That implies ⌬RϷ75 Å.
The quantum uncertainty filling rate is determined by the velocity v q Ϸប/(⌬R), where is the relative mass of the colliding pair. This leads to the relation
͑4.6͒
For impulsive conditions to prevail the quantum filling time scale has to be much larger than the pulse duration. For ⌬Rϭ75 Å , it is 120 ns, which easily fulfills this requirement. When the quantum rate q becomes comparable to the thermal rate T , the distinction between a CW and a pulsed excitation diminishes. We now compare the photoassociation rate of the CW excitation with the rate of the pulsed excitation at this repetition rate. The maximal cross section for the CW case is Ϸ4R c 2 , where R c is the crossing point. The rate becomes
for the pulsed case,
The ratio between these terms becomes:
͑4.9͒
Due to the Rabi cycling of population between the ground and excited state in the case of CW field photoassociation, the theoretically maximal value of the population transfer efficiency cw is 0.5. On the other hand, p is equal to unity, reflecting the population inversion due to the adiabatic following by a chirped field. Taking this into account and evaluating V pa around the center of the coordinate range addressed by the pulsed field coinciding with R c , the ratio between the two rates becomes
͑4.10͒
Therefore, if the condition of the adiabatic following by the chirped field is fulfilled, then the corresponding photoassociation process is at least twice as efficient as that mediated by the CW field.
V. COLD-MOLECULE FORMATION
The photoassociation of a pair of atoms into the 0 g Ϫ electronic surface is only the first step in the formation of cold molecules. The crucial second step is spontaneous emission into the well of the 3 ⌺ u ϩ potential. Only part of the pair of photoassociated atoms decays back to the ground electronic state and forms a stable molecule. For this to happen, the emitted photon has to have larger energy than the asymptotic atomic excitation energy. This defines a small window of internuclear distances within which the colliding pair has to enter. If the photoassociation process occurs at a large internuclear distance, most likely the pair of atoms will decay before reaching the molecular forming window. If the photoassociation point is too short, the molecule will reach the inner turning point of the outer well of the excited 0 g Ϫ potential and will reflect back before reaching the molecular forming window.
The rate of spontaneous decay at a particular internuclear distance R becomes ͓50͔
where ϱ ϩ⌬(R) is the Bohr frequency for the electronic potentials at a given value of R, (R) is the coordinatedependent dipole moment, and c is the speed of light. Figure 10 shows the spontaneous-emission decay rate as a function of internuclear distance. One can observe a clear enhancement of the rate of spontaneous emission at distances corresponding to molecular production. This rate is further enhanced due to the slowing down of the excited pair of atoms close to the inner turning point of the outer potential well. As a result, the system spends more time at these internuclear configurations.
An estimate of the fraction of cold molecules formed is carried out by propagating the newly created excited-state wave function. The amplitude loss due to spontaneous emission is described by an optical potential with the shape determined by Eq. ͑5.1͒:
The decay to different regions of the internuclear distance is accumulated in time leading to the fraction of photoassociated molecules that result in cold molecules in the 3 ⌺ u ϩ state. By this procedure, the loss terms leading to the formation of hot atoms are accounted for.
Complete simulation of the cold-molecule formation including photoassociation as well as spontaneous decay for both types of field was carried out. It revealed that the efficiency of the production of a cold cesium dimer is higher approximately by a factor of 3 in the case of chirped pulse photoassociation on the time scale of spontaneous emission compared to the CW scheme. The crossing point of the CW dressed potentials is located at the internuclear distance of 100 Å coinciding with the maximal probability density of the wave packet. Due to the fact that the excitation by a chirped field is more delocalized, starting at 100 Å and terminating at the infinite separation, we chose 300 Å as the initial wavepacket mean position; the field is maximized at this point. This results in the spread of the excited population along a larger range of the coordinate, which consequently biases the pulsed case in favor of the CW one. The result is illustrated in Fig. 11 .
Further optimization of cold-molecule formation is possible in both the CW and pulses excitation. This was not attempted in the present study.
The previous consideration opens also the question of the angular momentum of the colliding cesium atoms. The potential barrier due to the nonzero angular momentum is significant at the ground state at the distance of 50 Å and basically prevents a non-negligible part of the population to get to a shorter internuclear distance. Then the ground-state collisional events consist exclusively of the s waves. The situation of the excited state is completely different. Since the gradient of the potential is very high, the effect of the angular momentum is negligible and colliding particles are attracted to each other even if their angular momentum reaches high values. Therefore, the photoassociation, particularly that using the complete population inversion, leads to a considerable and observable portion of molecules formated with high angular momentum ͓51,52͔.
The application of a pulsed electromagnetic field addresses potential curves in a large range of energies compared to the CW case. This necessarily raises the issue of the selectivity of the excitation process at long range when the hyperfine levels are converging to the asymptotic atomic state. One can expect partial population transfer to many attractive hyperfine levels which are approaching the target potential from below if positive chirp is applied. This behavior can become significant at large internuclear separation. We do not expect a strong impact on the cold-molecule formation, whose efficiency is mostly determined by photoassociation at intermediate distances of up to several hundreds of atomic units.
VI. DISCUSSION
The present work is part of a growing trend to study photoassociation in the time domain ͓24-26,53-55,60͔. This framework enables us to gain insight into the use of a simple coherent control manipulation, which was the purpose of this study. The photoassociation route to cold molecules depends on two factors. The first is the rate of the photoassociation process and the second is the formation of stable molecules through spontaneous emission. Ideas emerging from the field of coherent control can address both steps. The results of the analysis presented in this paper show that the first step is completely controllable, leading to 100% photoassociation yield for pairs of atoms in a preassigned window of internuclear distances. The time-dependent control method relies on a simple chirp of pulses in the picosecond regime. The population transfer to the excited electronic surface leaves a void on the ground surface. Filling this void becomes the ratelimiting step in the formation of cold molecules. The competition between a thermal and a quantum process determines this rate.
Control of the second step of cold-molecule formation is more involved. It requires a Frank-Condon window from the excited to ground electronic surface. Enhancement of this FIG. 10 . The spontaneous-emission rate of circularly polarized light vs the internuclear distance. The plot shows a high probability of spontaneous decay at distances corresponding to the bound levels of the electronic ground state ͑indicated by the box͒. The rate is renormalized to unity at the infinite atomic separation.
FIG. 11. The population transfer to cold-molecular states due to the spontaneous decay.
step is possible by focusing the photoassociated wave packet on this region. For a CW field, there are two experimentally attainable control knobs: detuning and intensity. For the pulsed excitation considered here, there are two additional control knobs: the pulse duration and the chirp. This means that there are more opportunities for optimizing the process. Recent studies show that the photoassociation yield is extremely sensitive to the shape of the potentials at the hump separating the inner and outer wells of the 0 g Ϫ potential ͓36͔. The emphasis in this study was not on this step. To do so requires very detailed knowledge of the potential at the Frank-Condon region. More sophisticated control mechanisms are possible, relying on complete control of the pulse shape that can be implemented by feedback ͓27͔. Another possibility is control of direct photoassociation to a specific bound vibrational level ͓56͔ from the continuum.
Another consideration is the demonstrated ability to trap the molecules formed by the photoassociation process ͓57͔. On the trapped molecules, further manipulations can be performed, for example optical cooling of the internal degrees of freedom of the molecule ͓8,58,59͔. To conclude, this study is a first step in illuminating the practical possibilities of coherent manipulations in cold-molecule formation.
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APPENDIX: CHIRPED PULSED FIELD
We consider only the linear chirp following Band ͓29͔ and Cao ͓33͔. Using a Gaussian pulse envelope, we express the chirped electromagnetic field in a frequency representation with the following form:
͑A1͒
where 0 is the transform-limited carrier frequency of the field, ⌫ is the spectral bandwidth of the pulse, and Ј is the chirp rate in energy representation given by dt/d. The chirp rate term causes a phase shift of each spectral component of the field proportional to its ''distance'' from the carrier frequency. The field in time representation is given by its Fourier transform, 
Ј. ͑A4͒
Chirp is obtained by propagation of a transform-limited pulse through a dispersive medium. During this process, each of the spectral components of the pulse gains a certain phase shift given by the specific value of the frequencydependent group velocity v g (). This results in a mutual displacement of the spectral components in the time domain. If the displacement is a linear increasing or decreasing function of frequency, we talk about linear positive or negative chirp, respectively. An example of a positively chirped pulse visualized using the Husimi plot is shown in Fig. 12 . Chirping of a pulse does conserve its bandwidth and total power.
To establish a relation between linear chirp rate in an energy representation and properties of the dispersive media, namely the width of the dispersive slab L and the group velocity dispersion wϭϪ͓1/v g ( 0 )
2 ͔dv g ()/d, we expand the group velocity around the carrier frequency using the Taylor expansion,
2 w⌬, ͑A5͒ where ⌬ϭ(Ϫ 0 ). Time delay of a spectral component of the pulse divided by ⌬ gives the chirp rate in the energy representation,
. ͑A6͒
The second term in the denominator, which makes the chirp rate frequency-dependent, comes from the difference in time of remaining in the dispersive media of the width L for a different spectral component of the pulse. A value of this term is very small, i.e., typically of the order of 10 Ϫ5 , and hence does not break linearity of the chirp rate significantly. For this reason, the chirp rate can reliably be approximated by the product Lw. The concept of chirp rate as the effect of dispersive media is graphically illustrated in Fig. 12 .
